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Hepatitis delta virus (HDV) causes both acute and chronic liver disease throughout the world. Effective
medical therapy is lacking. Previous work has shown that the assembly of HDV virus-like particles (VLPs)
could be abolished by BZA-5B, a compound with farnesyltransferase inhibitory activity. Here we show that
FTI-277, another farnesyltransferase inhibitor, prevented the production of complete, infectious HDV virions
of two different genotypes. Thus, in spite of the added complexity and assembly determinants of infectious HDV
virions compared to VLPs, the former are also sensitive to pharmacological prenylation inhibition. Moreover,
production of HDV genotype III virions, which is associated with particularly severe clinical disease, was as
sensitive to prenylation inhibition as was that of HDV genotype I virions. Farnesyltransferase inhibitors thus
represent an attractive potential class of novel antiviral agents for use against HDV, including the genotypes
associated with most severe disease.

Hepatitis delta virus (HDV) is a small RNA virus responsi-
ble for acute and chronic liver disease worldwide (2, 24, 25, 39,
46). As yet, no effective medical therapy exists against this
pathogen. The HDV virion is composed of three general ele-
ments: an RNA genome, delta antigens (encoded by the ge-
nome), and a surrounding lipid envelope. The lipid envelope is
embedded with hepatitis B virus (HBV) surface antigen (HB-
sAg) proteins–L, M, and S (13)—which are provided by a
coinfecting hepatitis B virus (1). They provide a means of exit
and presumably entry for HDV, and this explains why HDV
infections are always found in the presence of a coexisting
HBV infection (20, 40). Once inside a cell, however, HDV can
replicate its genome in the absence of any HBV gene products
(17, 23). The HDV genome is a 1.7-kb single-stranded circular
RNA molecule (47). Sequencing of isolates from around the
world has led to a classification into three genotypes based on
sequence variation—I, II, and III—the last genotype being
associated with particularly severe clinical disease (3, 6, 32, 34).
There are two major isoforms of delta antigen found in com-
plete virions, termed small and large (24). They are identical in
sequence except that the large delta antigen has an extra 19
amino acids at its carboxyl terminus, the result of a specific
RNA editing event which occurs during replication of the
HDV genome (5, 30).

This larger delta antigen isoform displays unique properties,
including the ability to inhibit genome replication and induce
assembly and secretion of both complete HDV virions and
virus-like particles (VLPs), which consist of just large delta

antigen and the smallest of the three HBV surface antigen
proteins (8). The determinants of assembly may be different
for these two types of HDV particles, as they involve different
compositions of envelope proteins, and packaging of the RNA
genome to form fully infectious particles appears to involve
structural features provided by small delta antigen (21, 49).

At least for genotype I, one critical interaction between
HDV and HBV proteins has been shown to depend on the
presence of the last four amino acids of the large delta antigen,
Cys-Arg-Pro-Gln-COOH, which comprise a CXXX box motif
(where C � cysteine, and X � any amino acid) (18, 27, 31, 42,
50). This amino acid sequence is necessary for the protein to be
posttranslationally modified by farnesyltransferase, an enzyme
which covalently attaches a prenyl lipid (farnesyl) to the cys-
teine of the CXXX box (37). Mutation of the CXXX box
cysteine abolishes both prenylation and the ability of large
delta antigen to form VLPs with HBV surface antigen.

It has not been clear if the same determinants of assembly
are shared by all HDV genotypes. Indeed, considerable se-
quence variation exists between the latter, such that while
there is over 94% identity among genotype III isolates, there is
only 60 to 70% homology between genotypes III and I (3). This
sequence variation, however, is not distributed evenly through-
out the HDV genome. In particular, there are regions of the
delta antigen reading frame where there is almost no homology
between genotypes I and III, such as in the carboxyl-terminal
region, which is known to be critical for assembly of genotype
I virus particles and in the CXXX box. Therefore, it cannot be
assumed that prenylation plays a similar role in the assembly of
both genotypes or whether a postulated requirement for pre-
nylation in genotype III assembly might be offset by some
structural feature unique to genotype III. This is especially true
as there are to date no studies on genotype III assembly.

Because oncogenic forms of ras are farnesylated (7, 19) and
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dependent on such prenylation for transforming activity (11) a
variety of compounds have been developed to inhibit farnesyl-
transferases for potential use as anticancer agents (41). We
previously demonstrated that one such compound, BZA-5B,
was also potent against the production of HDV genotype I
VLPs devoid of genomic RNA (16). This suggested that tar-
geting of prenylation-dependent virus assembly might form the
basis of a novel anti-HDV strategy. Before these results can be
potentially translated into a practical clinical therapy, however,
several critical questions must be answered. These include the
following. (i) Can BZA-5B’s effects on HDV VLP production
be generalized to other farnesyltransferase inhibitors (FTIs)?
(ii) Is the assembly of complete, genome-containing, infectious
HDV virions similarly sensitive to pharmacological prenylation
inhibition? (iii) Are other genotypes of HDV susceptible to
such a therapeutic strategy?

In this work, we sought to address these questions. Specifi-
cally, we first set up an in vitro culture system for producing
genotype I HDV virions which are capable of infecting primary
human hepatocytes. We then used this system to determine the
effect of FTI-277 (28)–a drug which also inhibits farnesyltrans-
ferase yet is structurally quite different from BZA-5B–on the
production of these HDV virions. Finally, we applied a similar
approach to study the effect of FTI-277 on the production of
HDV genotype III virions. We found not only that micromolar
concentrations of FTI-277 prevented the production of HDV
genotype I virions in a dose-dependent and specific manner
but that HDV genotype III virion production was also inhib-
ited by this compound. FTIs thus represent a potential novel
class of antiviral agents for use against HDV, including the
genotypes associated with most severe disease.

MATERIALS AND METHODS

Production of HDV virions in cultured cells. Huh7 cells were plated on 10-cm2

dishes (6 � 106 to 8.5 � 106 cells per plate), and cultured in Huh7 medium
(RPMI 1640-Dulbecco’s modified Eagle medium [1:1], 10% fetal bovine serum,
penicillin [100 U/ml], streptomycin [100 �g/ml]) for 18 h prior to transfection
with either Lipofectamine or Lipofectamine 2000 according to the manufactur-
er’s (GibcoBRL) directions. For HDV type I virion production, we performed
double transfections with pSVLD3 (23), which contains a head-to-tail trimer of
the HDV genome, and pGEM4ayw.2x, which bears a head-to-tail dimer of the
full-length HBV genome (12). When only one construct was used in control
experiments, the total amount of DNA was maintained by supplementing with
pcDNA3 (Invitrogen, Carlsbad, Calif.). For HDV type III transfections,
pCMV � HDVIII(�) (4), which bears a 1.2-mer of antigenomic HDV sequence,
was substituted for pSVLD3.

To prepare inocula for primary hepatocytes, the culture medium from 10
dishes was collected during days 6 through 10 after transfection, precleared at
low speed to remove cell debris, and concentrated 100-fold on Centricon plus-80
tubes according to the manufacturer’s (Millipore, Bedford, Mass.) directions.
Aliquots were analyzed for RNA content on Northern blots.

Inhibition of virion production by FTI-277. Starting the first day after trans-
fection, as described above, medium was replaced every day with Huh7 medium
containing 0.2% dimethyl sulfoxide (DMSO), 400 �M dithiothreitol (DTT), and
various concentrations of FTI-277 (Calbiochem, La Jolla, Calif.). On day 10, the
cells were washed several times with 1� phosphate-buffered saline (PBS), in
order to remove traces of DTT, and their viability was measured by an XTT assay
as described elsewhere (43). Culture medium HBsAg concentrations were de-
termined using an enzyme-linked immunosorbent assay-based assay (Auszyme
Kit; Abbott Laboratories, Abbott Park, Ill.). Cells were then washed twice with
1� PBS and scraped in 2 ml of Trizol reagent (GibcoBRL) in order to purify
their RNA content, following the manufacturer’s instructions. The supernatants
were precleared at low speed, loaded on 2-ml cushions of 20% sucrose in 1�
PBS, and ultracentrifuged in an SW41Ti rotor (Beckman) for 15 h at 30,000 rpm

at 4°C (44). After removing the supernatants, the pellets were carefully resus-
pended in water and extracted as described below for Northern analysis.

Northern analysis of HDV RNA. Viral RNA from inocula or sera was purified
using a QIAamp Viral RNA mini kit (QIAGEN, Valencia, Calif.) according to
the manufacturer’s instructions. Various amounts of RNA were then incubated
at 55°C for 50 min in the presence of 1.9 M glyoxal (Fisher Scientific, Fair Lawn,
N.J.)–7.1 mM sodium phosphate (pH 6.8)–4.5 mM EDTA–35% DMSO. Sam-
ples were then loaded on a 1.5% agarose gel containing 10 mM sodium phos-
phate, pH 6.8, and subjected to electrophoresis for 4 h at 150 mA. For super-
natants, half of the RNA was used, while for cellular RNA, 5 �g was loaded.
RNAs were capillary transferred overnight to Zeta-Probe (Bio-Rad, Richmond,
Calif.) membranes. After transfer, the membrane was either baked for 2 h at
80°C or UV cross-linked using a Stratalinker (Stratagene) and then covered with
boiling Tris-HCl, pH 8 (20 mM), and allowed to reach room temperature with
gentle rocking. The blot was then placed in a hybridization oven (Hybaid, Frank-
lin, Mass.), prehybridized 1 h at 70°C in 5� SSPE (0.75 M NaCl, 0.05 M
NaH2PO4, 5 mM EDTA [pH 7.0]), 5� Denhardt’s solution, 0.5% (wt/vol) so-
dium dodecyl sulfate (SDS), and denatured yeast tRNA (20 �g/ml; Sigma) and
then hybridized 18 h at 70°C in 5 ml of the same solution containing a riboprobe
labeled with [�-32P]UTP (3,000 ci/mmol; Amersham) and corresponding to the
antigenomic HDV sequence. After hybridization, the blot was washed at 70°C
with 400 ml of 2� SSPE–0.1% SDS, then with 400 ml of 1� SSPE–0.1% SDS,
and then with 200 ml of 0.1� SSPE–0.1% SDS. The membrane was dried at 70°C
and subjected to autoradiography and phosphorimager (Molecular Dynamics)
analysis.

Infection of primary hepatocytes with HDV inocula. Human hepatocyte iso-
lations were performed as previously described with minor modifications (29).
Briefly, an approximate apical piece of liver (3 by 3 by 2 cm; obtained under
approved institutional review board protocol) was perfused with 100 ml of
preperfusion solution (Earle’s balanced salt solution without Ca2� with 0.7 mM
EGTA) for 20 min, followed by perfusion with 80 ml of collagenase D (Boehr-
inger Mannheim) at a concentration of 0.5 mg/ml for 20 min. Cells were filtered
and hepatocytes were separated from nonparenchymal cells by three rounds of
low-speed centrifugation. All hepatocytes were obtained from donors that were
HBV, HCV, HDV, and human immunodeficiency virus negative. Cells were
plated on six-well Primaria plates (Becton Dickinson, Franklin Lakes, N.J.) or on
eight-well Lab-Tek II chamber slides (Nalge Nunc International, Naperville, Ill.).
As soon as they settled down, the medium was removed and replaced with
HDV-containing inoculum. The following day, the inoculum was replaced with
fresh medium and the medium was changed every 3 days thereafter. Cells seeded
in six-well plates were processed for RNA contents with Trizol, and their RNA
content was analyzed by Northern blot.

Immunofluorescence. All immunofluorescence steps were done at room tem-
perature. Cells seeded on eight-well slides were washed twice with 1� PBS and
then fixed with 4% formaldehyde (Ted Pella, Redding, Calif.) for 20 min. Fix-
ation was followed by a 15-min permeabilization step with 0.2% Triton X-100
and 3% FBS in 1� PBS. Cells were then quenched and blocked for at least 1 h
with 50 mM glycine–50 mM ammonium chloride in 1� PBS containing 0.1%
Triton X-100 and 3% FBS. An anti-HDV human serum was applied at a 1:500
dilution, in wash solution (1� PBS with 0.1% Triton and 3% FBS) for �1 h.
After extensive washing, secondary antibody was applied at a dilution of 1:100
(rhodamine-conjugated sheep anti-human; Jackson ImmunoResearch Laborato-
ries Inc., West Grove, Pa.) for at least 20 min. Slides were washed extensively in
washing solution, then in distilled water before mounting with Fluoroguard
(Bio-Rad).

RESULTS

Previously, we have shown that the release of VLPs in the
medium of cells stably expressing large delta antigen and HBV
small surface antigen could be inhibited by BZA-5B, a benzo-
diazepine peptidomimetic which targets farnesyltransferase
(16). In this study we sought to determine the effect of preny-
lation inhibition on the production of complete, infectious
HDV virions. To this end, we first set up a cell culture system
based on one previously described by others (45, 48) which is
capable of producing such infectious particles. In our version
of this system, Huh7 cells are transiently transfected with two
viral genome-producing constructs: pSVLD3 which bears a
head to tail trimer of HDV type I genomic sequence and
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leads to the initiation of HDV genome replication (23), and
pGEM4ayw.2x which contains a head-to-tail dimer of the HBV
genome subtype ayw and is capable of generating cytoplasmic
replicating species (a similar construct for subtype adw is de-
scribed in reference 9), as well as the envelope proteins nec-
essary for HDV to be released in the culture medium.

As shown in Fig. 1, although not detectable in the first 3 days
(lane 3), virions containing HDV genomic RNA appeared in
the culture medium during days 4 to 6 after transfection (lane
6), amounting to about 4 � 109 geq/ml. This amount increased
to an estimated 1010 geq/ml during the next 3 days (lane 9).
Moreover, while the amounts of intracellular HDV RNA were
equivalent in all cells transfected with pSVLD3, HDV RNA
was only detectable in the medium of the cells transfected with
a source of HBV envelope proteins (lanes 6 and 9).

To confirm that these in vitro-produced virions were infec-
tious, we asked whether they could initiate HDV replication in
primary human hepatocytes. Supernatants from cells such as
those in lanes 7 and 9 were used to prepare control and HDV
inocula, respectively, using a Centricon concentration method
as described (38). Aliquots were inoculated onto primary hu-
man hepatocytes previously plated as monolayers in eight-well
slides. After an overnight incubation, the cells were washed
and the medium was replaced. One week after infection, im-
munofluorescence staining against delta antigen revealed the
characteristic nuclear localized pattern indicative of HDV rep-
lication in �5% of the hepatocytes (Fig. 2). A similar staining
pattern was observed when inocula of HDV-infected chimpan-
zee or woodchuck sera were used (data not shown), but not
with control inocula.

We next wanted to determine whether the production of
HDV virions in our cultured cells was sensitive to drugs pre-
venting prenylation. Our previous studies on the inhibition of
VLP assembly employed the FTI BZA-5B (16). For the
present experiments we chose to substitute the latter with
FTI-277. Like BZA-5B, FTI-277 (and its analog FTI-276) is a
specific inhibitor of farnesyltransferase (28) and this latter
compound inhibits large delta antigen prenylation in our pre-
viously described in vitro prenylation assay (16) (data not
shown). Although FTI-277 targets the same enzyme as BZA-
5B, these inhibitors have very different molecular structures.

Thus, any observed inhibition of HDV particle production with
FTI-277 would underscore that it is the farnesyltransferase-
inhibiting activity, rather than some other feature of the inhib-
iting drug, that is the critical factor for disrupting HDV assem-
bly.

We initiated HDV type I virion production by transfecting
Huh7 cells with pSVLD3 and pGEM4ayw.2x as in Fig. 1 (lanes
3, 6, or 9). Cells were then grown in the presence of carrier
(DMSO and DTT) alone or carrier plus increasing concentra-
tions of FTI-277. After nine daily medium changes, viability of
cells was assessed. Supernatants and cells were then processed
for HDV RNA content analysis as described in Materials and
Methods (Fig. 3). FTI-277 had no apparent effect on HDV
replication (Fig. 3A, lanes 2 to 7), as HDV intracellular RNA
could be detected in cells grown in the presence of all tested
drug concentrations. Nor did FTI-277 affect the steady-state
levels of delta antigen, as similar amounts were detected by
Western blots at all tested drug concentrations (data not
shown). On the other hand, HDV genomic RNA isolated from
the culture medium was quite sensitive to FTI-277 (Fig. 3A,
lanes 9 to 13). At 0.5 �M FTI-277, virion production was
decreased by 95% compared to treatment with carrier alone
(Fig. 3A, lane 9 versus lane 8). With FTI-277 concentrations
above 1 �M, virion production could no longer be detected
(Fig. 3A, lanes 11 to 13, and B). We evaluated for nonspecific
effects of the drug in a variety of ways. Total RNA levels were
equivalent among all samples (data not shown). We also per-
formed XTT assays on the treated cells (Fig. 3B). This assay,
based on reduction of the tetrazolium salt XTT by cellular
dehydrogenases, provides a sensitive means of assessing cell
metabolism (43). Finally, we measured the production and

FIG. 1. Production of HDV virions. Northern analysis of RNAs
from supernatants of Huh7 cells transfected with HDV and/or HBV
genome-encoding constructs. Following transfection of Huh7 cells with
pSVLD3 alone (lanes 1, 4, 7, and 10), pGEM4ayw.2x alone (lanes 2, 5,
8, and 11), or both constructs (lanes 3, 6, 9, and 12), culture media were
collected on day 3 (lanes 1 to 3), day 6 (lanes 4 to 6), and day 9 (lanes
7 to 9) and processed for HDV RNA analysis, as described in Mate-
rials and Methods. Lanes 10 to 12 contain RNA isolated from the
underlying cells at day 9. Arrows indicate sizes of circular HDV
genomic RNA.

FIG. 2. HDV infection of human primary hepatocytes. In vitro-
generated HDV inocula were used to infect monolayer cultures of
hepatocytes as described in Materials and Methods. One week after
inoculation, cells were fixed and stained with a human serum contain-
ing antibodies against delta antigen. Epitopes recognized by this serum
were visualized with a rhodamine-conjugated anti-human antibody.
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release of HBsAg into the media (Fig. 3B) as this protein is not
subject to prenylation and should therefore not be affected by
the FTI. These latter two assays revealed that FTI-277 had no
significant effect on either overall cell viability or general pro-
tein synthesis, even at the highest concentrations of drug.

To confirm that FTI-277 was effective in inhibiting the pro-
duction of not only physical HDV particles but also infectious
ones, we subjected aliquots of selected media supernatants to
the primary hepatocyte infection assay described in Fig. 2.
Supernatants from Huh7 cells transfected with HBV- and
HDV-encoding plasmids and treated either with carrier (Fig.
4, left side) or with 5 �M FTI-277 (Fig. 4, right side) were
concentrated and layered onto primary hepatocytes. After
washing to remove unadsorbed inocula, RNA extracted from
hepatocytes harvested at day 0 and day 10 postinoculation was
subjected to northern analysis for HDV. Day 10 cells were also
fixed and stained for the presence of delta antigen by immu-
nofluorescence (Fig. 4B and C). Infection of hepatocytes could
clearly be demonstrated in cells exposed to supernatant ob-
tained from Huh7 cells treated with carrier alone (Fig. 4A,
lanes 3 and 4, and B and C, left panels). Hepatocytes subjected
to supernatants obtained from cells treated with 5 �M FTI-
277, however, had no evidence of detectable infectious parti-
cles (Fig. 4A, lanes 7 and 8, and B and C, right panels).

Studies of HDV assembly to date have been limited to HDV
genotype I. It has been shown that the 19 C-terminal amino
acids of large delta antigen, which includes the CXXX box, are
necessary and sufficient for particle assembly with HBsAg (26).
Interestingly, although the CXXX box motif is present in both

cases, there is almost no sequence homology between HDV
genotypes I and III in this region of large delta antigen. We
therefore wondered if the determinants of assembly identified
for HDV I were the same for HDV III. In particular, we
wished to determine whether the production of genotype III
virions was as sensitive to drugs preventing prenylation as are
HDV I virions. To initiate production of genotype III HDV
particles, we employed the same strategy as in Fig. 1 except
that Huh7 cells were transfected with pCMV � HDVIII(�), in
place of pSVLD3. This plasmid has been shown to efficiently
initiate HDV III genome replication (4). Cells were treated
with carrier alone or increasing concentrations of FTI-277, and
intracellular HDV RNA replication as well as the release of
genome-containing virions were measured (Fig. 5A). Similar to
the results of Fig. 3, replication of HDV III appeared unaf-
fected at all tested concentrations of FTI-277 (Fig. 5A, lanes 2
through 6). Release of genome-containing particles into the
medium, however, was strongly inhibited by 100 nM of FTI-277
(lane 9) and became undetectable at higher concentrations
(lanes 10 to 12). Quantitation of these results (Fig. 5B) indi-
cated that less than 5% of HDV III RNA detectable at 0 �M
was released in the medium of cells treated with 0.1 �M FTI-
277. Once again, measures of nonspecific toxicity of the drug
(total RNA extraction yields and HBV surface antigen secre-
tion) were similar at all concentrations of FTI-277 used (Fig.
5B). We conclude that, like HDV I, HDV III particle produc-
tion is also sensitive to prenylation inhibition. These results
underscore the therapeutic potential of large delta antigen
farnesylation as a target for drug treatment.

FIG. 3. FTI-277 inhibits production of HDV genome-containing particles. (A) Following transfection with both HDV and HBV genome-
encoding constructs, as described in Fig. 1 and in Materials and Methods, Huh7 cells were maintained in a daily changed medium containing carrier
(0.2% DMSO and 400 �M DTT) alone (lanes 2 and 8) or carrier plus 0.5 �M (lanes 3 and 9), 1 �M (lanes 4 and 10), 5 �M (lanes 5 and 11), 10
�M (lanes 6 and 12), or 20 �M (lanes 7 and 13) FTI-277. On day 10 after transfection, cells (lanes 1 to 7) and supernatants (lanes 8 to 13) were
processed for Northern analysis of HDV RNA, as described in Materials and Methods. Lane 1 corresponds to total RNA extracted from
nontransfected cells subjected to carrier-containing medium. Molecular weight markers are indicated at the left of the figure. (B) The amount of
HDV RNA in the culture medium of cells treated with the indicated amount of FTI-277 was quantitated using a phosphorimager and plotted as
percentage of the untreated control (0 �M) (black bars). Prior to total RNA extraction, cells were monitored for viability (XTT assay) (grey bars)
and supernatants were analyzed for protein expression and secretion (HBV surface antigen released into the medium) (empty bars).
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FIG. 4. FTI-277 inhibits the production of infectious HDV particles. Huh7 cells were transfected as in Fig. 3 and treated with carrier alone or
carrier plus 5 �M FTI-277. On day 10 after transfection, culture media were concentrated and inoculated onto duplicate cultures of primary human
hepatocytes, as described in Materials and Methods. (A) After overnight exposure to these inocula, hepatocytes were washed with fresh medium
and processed for Northern analysis of HDV genomic RNA either immediately (day 0, lanes 1, 2, 5, and 6) or after culture for 10 more days (day
10, lanes 3, 4, 7, and 8). MW markers are indicated at the left of the figure. (B and C) Similarly treated cells were also analyzed on day 10 for large
delta antigen by immunofluorescence as in Fig. 2. Panel C shows a higher power magnification of the corresponding quadrants in panel B.
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DISCUSSION

In previous studies, our initial strategy to evaluate the po-
tential of prenylation inhibition-based anti-HDV therapy was
to first create a cell line which produces HDV VLPs, then
identify a compound capable of pharmacologically inhibiting
HDV prenylation, and finally test the effect of the inhibitor on
the production of HDV VLPs (16). To this end, we isolated an
NIH 3T3 cell line stably transfected with the genes encoding
HDV large delta antigen and HBV surface antigen. This cell
line produces both free surface antigen and HDV VLPs com-
posed of large delta antigen and HBV envelope protein. To
identify an appropriate inhibitor, we relied on the fact that
prenylation of HDV consists of the addition of the prenyl lipid
farnesyl to large delta antigen, a reaction catalyzed by farne-
syltransferase (37). We therefore evaluated the effect of a
known FTI on delta antigen prenylation. For this we chose
BZA-5B, a FTI originally shown to prevent prenylation of ras
(33). When tested in vitro using rabbit reticulocyte lysates,
BZA-5B was shown to be a potent inhibitor of large delta
antigen prenylation at micromolar concentrations. When test-
ed in our cell culture model, BZA-5B was also shown to spe-
cifically inhibit the prenylation-dependent production of HDV
VLPs in a dose-dependent manner. At 50 �M BZA-5B, no
particles could be detected. Controls for nonspecific inhibition
of protein synthesis and secretion showed essentially no effect
of BZA-5B (16).

To further extend these findings toward our aim of devel-
oping a practical clinical therapy, we wished to determine if
complete infectious HDV virions were as sensitive to prenyla-
tion inhibition as are the VLPs in the above-described BZA-5B

experiments. We also wished to try another prenylation inhib-
itor to validate the hypothesis that HDV’s sensitivity to
BZA-5B reflects a general property of FTIs and is not re-
stricted to BZA-5B.

We therefore first set up a system based on a previously
validated methodology (45, 48) to produce complete infectious
HDV particles containing an intact genome (Fig. 1). Cotrans-
fection of Huh7 cells with plasmids encoding the complete
HDV and HBV genomes yielded HDV virions released into
the media supernatant. As hoped for, such virions contained
an intact HDV genome. Furthermore, they were produced
only in cells transfected with the HDV plasmid and a source of
envelope proteins provided by the HBV plasmid.

We next sought to prove that these in vitro-produced virions
are infectious by inoculating them onto primary human hepa-
tocytes. As shown in Fig. 2, 1 week postinfection, about 5% of
the latter displayed the nuclear staining pattern characteristic
of HDV infection when analyzed by immunofluorescence with
an antibody against delta antigen. Thus, not only do the in
vitro-produced HDV virions contain an intact RNA genome,
but they are also infectious. Moreover, to our knowledge, this
represents the first use of cultured human primary hepatocytes
as a target for HDV infection.

Next, we tested the effect of FTI-277, another FTI, on the
production of the HDV virions. As shown in Fig. 3, while in the
absence of drug HDV virions are readily produced, they are
dramatically inhibited at mid-nanomolar concentrations of
FTI-277 and are below our limit of detection at micromolar
concentrations of compound. Control assays for nonspecific
toxicity (free HBV surface antigen which assesses effects on

FIG. 5. FTI-277 inhibits production of HDV genotype III genome-containing particles. (A) Following transfection with both HDV genotype
III and HBV genome-encoding constructs, as described in Fig. 1 and in Materials and Methods, Huh7 cells were maintained in a daily changed
medium containing carrier (0.22% DMSO and 400 �M DTT) alone (lanes 2 and 8) or carrier plus 0.1 �M (lanes 3 and 9), 0.5 �M (lanes 4 and
10), 1 �M (lanes 5 and 11), or 5 �M (lanes 6 and 12) FTI-277. On day 10 after transfection, cells (lanes 1 to 6) and supernatants (lanes 7 to 12) were
processed for Northern analysis of HDV RNA, as described in Materials and Methods. Lanes 1 and 7 correspond to nontransfected cells subjected to
carrier-containing medium. MW markers are indicated at the left of the figure. (B) HDV RNA in the culture medium of cells treated with the
indicated amounts of FTI-277 was quantitated using a phosphorimager and plotted as a percentage of the no-drug control (0 �M) (black bars). Also
shown are the results from total RNA quantitation (Total RNA) (grey bars) and HBV surface antigen synthesis and secretion (HBsAg) (empty bars).
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general protein synthesis and secretion, and XTT assays which
measure overall cell metabolism) are essentially unaffected
over these concentrations of FTI-277 and suggest the existence
of an encouraging therapeutic index. As shown in Fig. 4, FTI-
277 inhibited not only the production of physical HDV parti-
cles but also infectious HDV virions as well.

Last, we tested the hypothesis that genotype III virion pro-
duction is also sensitive to prenylation inhibition. Remarkably,
as shown in Fig. 5, in spite of almost no amino acid homology
between genotypes I and III in the region known to be critical
for HDV assembly including the CXXX box, HDV III virion
production appeared to be as sensitive to FTI-277 as was HDV
I assembly. These results represent the first study of genotype
III assembly. They reveal that at least one critical assembly
determinant of genotype I is shared by genotype III. Indeed, in
spite of potential greater efficiency of HDV virion production
by genotype III than genotype I (unpublished observations),
HDV III virion production is still sensitive to prenylation in-
hibition. Moreover, comparison of Fig. 3 and 5 suggests that
HDV III assembly may even be inhibited at somewhat lower
concentrations of FTI-277. This might reflect a different affin-
ity of farnesyltransferase for the C terminus of the respective
isoforms of large delta antigen. It could also be related to
secondary features of particle formation such as differences in
the number of prenylated large delta antigen proteins neces-
sary to make a mature viral particle, or the interaction with
HBV surface antigen.

Contrary to more-classical approaches to antiviral therapy,
in which agents are designed to target a virus-specific activity,
the use of prenylation inhibitors to target HDV is an example
of a different paradigm. Specifically, the strategy we propose
actually seeks to deprive the virus of access to a host function.
One attractive consequence is the potential for making the
evolutionary task of developing resistance more difficult as the
targeted locus does not lie within the viral genome.

The remarkable tolerance of host cells for FTIs (10, 22)
suggests the cells are able to benefit from a variety of redun-
dancies when encountering an inhibition of farnesyltrans-
ferase. At present, it appears that HDV, however, is not able to
benefit from these back-up mechanisms.

Taken together, our results provide further validation of the
hypothesis that pharmacological inhibition of prenylation can
interfere with HDV particle production. Furthermore, com-
pounds like BZA-5B and FTI-277 are thus representatives of a
novel class of potential antiviral agents for use against HDV
and other viruses similarly dependent on prenylation (15). Fi-
nally, these results should provide added impetus for the in
vivo evaluation of prenylation inhibitors in animal models of
HDV (14, 35, 36).
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40. Rizzetto, M., M. G. Canese, S. Aricò, O. Crivelli, C. Trepo, F. Bonino, and G.

Verme. 1977. Immunofluorescence detection of new antigen-antibody system
(delta/anti-delta) associated to hepatitis B virus in liver and in serum of
HBsAg carriers. Gut 18:997–1003.

41. Rowinsky, E. K., J. J. Windle, and D. D. Von Hoff. 1999. Ras protein
farnesyltransferase: A strategic target for anticancer therapeutic develop-
ment. J. Clin. Oncol. 17:3631–3652.

42. Schafer, W. R., and J. Rine. 1992. Protein prenylation: Genes, enzymes,
targets, and functions. Annu. Rev. Genet. 30:209–237.

43. Scudiero, D. A., R. H. Shoemaker, K. D. Paull, A. Monks, S. Tierney, T. H.
Nofziger, M. J. Currens, D. Seniff, and M. R. Boyd. 1988. Evaluation of a
soluble tetrazolium/formazan assay for cell growth and drug sensitivity in
culture using human and other tumor cell lines. Cancer Res. 48:4827–4833.

44. Sureau, C., J. R. Jacob, J. W. Eichberg, and R. E. Lanford. 1991. Tissue
culture system for infection with human hepatitis delta virus. J. Virol. 65:
3443–3450.

45. Sureau, C., A. M. Moriarty, G. B. Thornton, and R. E. Lanford. 1992.
Production of infectious hepatitis delta virus in vitro and neutralization with
antibodies directed against hepatitis B virus pre-S antigens. J. Virol. 66:
1241–1245.

46. Taylor, J. M. 1992. The structure and replication of hepatitis delta virus.
Annu. Rev. Microbiol. 46:253–276.

47. Wang, K. S., Q. L. Choo, A. J. Weiner, J. H. Ou, R. C. Najarian, R. M.
Thayer, G. T. Mullenbach, K. J. Denniston, J. L. Gerin, and M. Houghton.
1986. Structure, sequence and expression of the hepatitis delta (delta) viral
genome. Nature 323:508–514. Erratum: 328:456, 1987.

48. Wu, J. C., P. J. Chen, M. Y. Kuo, S. D. Lee, D. S. Chen, and L. P. Ting. 1991.
Production of hepatitis delta virus and suppression of helper hepatitis B virus
in a human hepatoma cell line. J. Virol. 65:1099–1104.

49. Yeh, T. S., and Y. H. Lee. 1998. Assembly of hepatitis delta virus particles:
package of multimeric hepatitis delta virus genomic RNA and role of phos-
phorylation. Virology 249:12–20.

50. Zhang, F. L., and P. J. Casey. 1996. Protein prenylation: molecular mecha-
nisms and functional consequences. Annu. Rev. Biochem. 65:241–269.

10472 BORDIER ET AL. J. VIROL.


